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a b s t r a c t
Compensation by deep-level defects and self-compensation of shallow donors in AlN are discussed in
the light of results of a high-frequency pulse electron paramagnetic resonance (EPR) and electron-
nuclear double resonance (ENDOR) study. It was suggested on the basis of the large mostly isotropic
hyperﬁne interaction with A(27Al) ¼ 406MHz that one of the deep-level defect is isolated interstitial
Al2+ atom. Two types of effective-mass-like shallow donors with a delocalised wave function were
shown to exist in unintentionally doped AlN. The experiments demonstrate how the transformation
from a shallow donor to a deep (DX) centre takes place and how the deep DX centre can be reconverted
into a shallow donor forming a spin triplet and singlet states with an exchange interaction of about
24 cm1 and with a lowest triplet state.
& 2009 Elsevier B.V. All rights reserved.
1. Introduction
The III–V nitrides could potentially be fabricated into optical
devices that are active at wavelengths ranging from the infrared
into the ultraviolet [1]. In general, as-grown, nominally undoped
AlN crystals exhibit a n-type conductivity and are highly resistive,
indicating that native defects present are sufﬁciently deep.
Electron paramagnetic resonance (EPR) and EPR-related methods
are known to be the most effective methods for identifying point
defects in semiconductors and these methods have recently been
used to study deep-level defects in AlN [2,3].
Another important factor which may affect the n-type
conductivity of semiconductors is a transition of shallow donors
(SDs) to a deep state. Experimental and theoretical studies on the
electronic properties of semiconductors have demonstrated that
a donor can give rise to two types of electronic states. Either a
shallow level with a delocalised effective-mass-like wave func-
tion, or a deep level with a localised wave function. The latter
deep state is usually called a DX centre and it arises from a lattice
distortion at or near the donor site exhibiting a negative
correlation energy U for electrons trapped at this site [4–6].
The formation of DX centres leads to a self-compensation of a
SD according to the reaction 2d0 ¼ d++DX–+U. Here d denotes a SD
impurity and DX the displaced deep impurity. In this model a SD
can lower its energy by the capture of a second electron followed
by a lattice relaxation of the donor impurity away from the normal
site. The energy gain associated with electron pairing in the
dangling bonds of a defect, coupled to a large lattice relaxation,
was suggested by Anderson [7] to overcome the Coulombic
repulsion of the two electrons.
The properties of donors in the nitrides remain contradictory.
There were data that the DX state is the stable conﬁguration for Si
in AlN [8,9], and in contrary it was argued that Si is a shallow
effective-mass donor in AlN in contrast to oxygen that forms a
DX centre [10]. Based on spectroscopically resolved photoconduc-
tivity and EPR measurements, Si donors in heavily Si-doped
MBE-grown AlN samples have been shown to exhibit a DX-like
relaxation [11].
High-frequency EPR and electron-nuclear double resonance
(ENDOR) experiments were demonstrated [12–14] to be methods
of choice for identiﬁcation and study of effective-mass-like SDs in
semiconductors.
In this report, we will concentrate on compensation of as-
grown AlN single crystals by deep-level defects.
2. Experimental
AlN crystal growth of wurtzite polytype was accomplished by
sublimation of an AlN charge placed in the hot zone of a tungsten
crucible and subsequent condensation of the vapor species in a
cooler region [14]. To facilitate self-nucleation of separate single
AlN crystals, the condensation section of the crucible was
separated from the evaporation zone by a diaphragm and kept
under nearly isothermal conditions. Three small samples with size
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